Integrative Taxonomy
Delimiting species boundaries is the core in many subjects of evolutionary biology (Sites and Marshall, 2004) . Associating scientific names unequivocally with species is essential for a reliable reference system. However, reaching a scientific consensus on the concept of species is one of the major challenges, since there are more than 20 concepts described (de Queiroz, 2005; 2007; Padial et al., 2010) . An unified concept of species, based on the common fundamental idea among all the concepts, was proposed by de Queiroz (1998) , in which species are lineages composed of metapopulations that evolve separately.
Currently, several methods have been used in order to delimit and / or describe species, since any character can be used for this purpose, as long as they are inheritable and independent (Schlick-Stein et al., 2010) .
Traditionally, the primary identification of species is morphological. The advantage is that morphology is applicable to living, preserved or fossil specimens (Padial et al., 2010) . However, delimitation of taxa based only on morphology has some limitations: (i) it can hide lineages in which quantitative and qualitative morphological characteristics overlap, (ii) lineages that differ only in ecological or behavioral characteristics, (iii) species that exhibit large phenotypic plasticity or (iv) cryptic species (Bickford et al., 2007; Padial et al., 2010) . Therefore, alternative methods to recognize biodiversity have increased considerably in recent decades and have contributed to the discovery of cryptic species or lineages with low interspecific morphological variation (Dayrat, 2005) .
Cytogenetic proved to be useful in species identification in cases which species present morphological similarities and species-specific karyotypes, particularly in rodents. A recent cytogenetic review of Brazilian rodents showed chromosome information as an essential marker for recognizing species in 13 genera, including
Oligoryzomys and Cerradomys (Di-Nizo et al., 2017) , both genera studied herein. By contrast, karyotype can not be used for species identification for many taxa that share the same diploid and fundamental numbers (number of autosome arms). More recently, molecular cytogenetic, using Fluorescence in situ Hybridization (FISH), allowed a refined comparison among karyotypes of different species (Ferguson-Smith et al., 1998; Chowdhay and Raudsepp, 2001) .
DNA sequences can also be used to delimit species, through different approaches.
Mitochondrial DNA has been widely used in closely related taxa because of its properties, such as: rapid evolutionary rate, small size, circular format, matrilineal inheritance, absence of recombination and rarely possess repetitive sequences, pseudogenes and introns (Avise et al., 1987; Harrison, 1989) . Comparatively, as nuclear DNA presents slower evolutionary rates, this marker is more used to infer phylogenetic relationships in suprageneric categories, although some studies showed that it is also effective for species-level inferences (Jansa and Voss, 2000; Prychitko and Moore, 2000) .
Limitations of using molecular data includes: disagreement between species and gene trees (i.e.: whether the gene tree reflects the phylogeny of the organism), incomplete lineage sorting, gene duplication, recombination, retention of ancestral polymorphism (which leads to underestimation of number of species) and heteroplasmy (leading to overestimation of number of species) (Funk and Omland, 2003; Moritz and Cicero, 2004; Padial et al., 2010) . Combining different loci can overcome these effects and help to solve taxonomic problems with greater robustness (Moritz and Hillis, 1996; Fabre et al., 2016) . Some molecular methods are not based on phylogenetic trees (e.g.: DNA barcoding) (Hebert et al., 2003) while other methods generate phylogenetic hypotheses using some optimization criteria (such as Maximum Parsimony, Maximum Likelihood, Bayesian Inference), in order to search for monophyletic groups that may represent potential species (Moritz and Hillis, 1996; Sites and Marshall, 2004) . Recently, methods using probabilistic coalescent framework have helped delimiting species in complex groups (Pons et al., 2006; Zhang et al., 2013) . In addition, phylogeographic studies can also reveal patterns of genetic diversity, aiding in species recognition (Avise et al., 1987) .
As each character (morphology, chromosome, DNA, etc) evolves at different rates, efforts to join different disciplines to provide more consistent subsidies on species delimitation are increasing. Dayrat (2005) and Will et al. (2005) , concomitantly, coined the term "integrative taxonomy" which is the science that aims to delimit species from multiple and complementary perspectives. According to Dayrat (2005) , the confidence level increases when the delimitation is supported by different types of data. A premise of the integrative taxonomy is the absence of superiority of any character over another for species recognition (Dayrat, 2005) .
When integrating different disciplines, the literature shows that there may be congruence between these different approaches regarding the number of species and their identification (Schlick-Steiner et al., 2010) . In contrast, other studies show disagreement among the different methods (morphology, molecular, cytogenetic, ecology, etc.) used. Disagreement can be solved by looking for an evolutionary explanation for such discrepancy (Schlick-Steiner et al., 2010) . One possible evolutionary explanations to these differences is that the speciation process is not always accompanied by character changes at all levels and, the relative rate of changes during lineage divergence is heterogeneous (Padial et al., 2010) . In this way, the integrative usage of several disciplines is necessary to help the failure that a single discipline can show, increasing the rigor in the delimitation.
Tribe Oryzomyini (Rodentia: Cricetidae: Sigmodontinae)

Background
The subfamily Sigmodontinae comprises one of the most complex Neotropical mammalian lineages and it is widespread from southern North America to southernmost South America .
Historically, this subfamily was subdivided into tribes, primarily based on morphological characters. Nevertheless, numbers of tribes and its content have been modified throughout the last 20 years, as morphological and molecular phylogeny became available and integrated. Currently, ten tribes are considered (Abrotrichini, Akodontini, Euneomyini, Ichthyomyini, Oryzomyini, Phyllotini, Reithrodontini, Sigmodontini, Thomasomyini and Wiedomyini), in addition to several incertae sedis genera that could not be affiliated to any of these tribes (Reig, 1984; Smith and Patton, 1999; Musser and Carleton, 2005; D'Elía et al., 2007; Pardiñas et al., 2015) .
Tribe Oryzomyini is undoubtedly the most diverse Sigmodontinae radiation, distributed ubiquitous at the Neotropics, in a variety of environments and at elevations from 4.000 m in Andes to the sea level (Weksler, 2006; . This diversity is reflected in morphological, ecological, molecular and chromosomal variations, leading to taxonomic problems that can only be solved with multidisciplinary approaches.
The ancient genus Oryzomys, for example, came to consist of almost half of all Oryzomyini species. Chromosomal data were an indicative of the great diversity within this group and helped to clarify some relationships (Gardner and Patton, 1976) . The current genera Melanomys, Microryzomys, Nesoryzomys, Oecomys and Oligoryzomys were for a long time considered subgenera of Oryzomys, but multidisciplinary studies erected them at the generic level (Carleton and Musser, 1989; Myers et al., 1995; Smith and Patton, 1999) . Even so, phylogenetic analyses recovered Oryzomys as paraphyletic (Myers et al., 1995; Bonvicino and Moreira, 2001; Weksler, 2003) .
In order to recover the monophyly of oryzomyine rodents, Weksler et al. (2006) , based on morphological and molecular data, elevated some Oryzomys species and species groups at genus category, recognizing ten new genera for this tribe (Table 1) .
Phylogenetic relationships reiterates de monophyly of oryzomyine and recovered four major clades (A-D), but the relationships within each clade are not strongly supported Percequillo et al., 2011; Pine et al., 2012; Machado et al., 2014) .
In the last years, after more comprehensive taxon sampling and multidisciplinary approaches, associating morphological and molecular data, new genera were established, so that the Oryzomyini tribe is nowadays composed of 29 extant genera (Table 1) Weksler et al., 2006; Percequillo et al., 2011; Pine et al., 2012) . In addition, the Oryzomys alfaroi group is provisionally positioned in the genus Handleyomys, but they are considered a new genus, pending description . The most recent phylogeny, based on morphological and molecular (nuclear and mitochondrial) characters, is shown in Figure 1 . Vilela et al. (2013) in which oryzomyine lineage dated approximately 11.9 Mya (using BEAST) and 11.5 Mya (using MCMCTree).
Diversity of Cerradomys and Oligoryzomys
Two oryzomyine genera (Cerradomys and Oligoryzomys) were studied in this work based on integrative approaches of molecular and chromosome data.
Oligoryzomys is recovered in clade C and Cerradomys belongs to clade D in the Oryzomyini phylogeny ( Fig. 1 ).
While Oligoryzomys is distributed throughout almost all biomes, from Tierra del Fuego, in southernmost South America, through northeast Mexico, Cerradomys has a more restricted distribution in the open diagonal belt of South America, from northeastern Brazil to southeastern Bolivia and northwestern Paraguay, with some species penetrating Atlantic Forest and one endemic from Restinga (sandy plains with low index of annual rainfall, soil with low water retention, high salinity and extensive temperature fluctuation during the day) Percequillo, 2015; Weksler and Bonvicino, 2015) .
Cerradomys was considered monotypic for a long time, although cytogenetic information pointed that its diversity was underestimated, once different karyotypes were attributed to the same name (formerly Oryzomys subflavus) (Maia and Hulak, 1981; Almeida and Yonenaga-Yassuda, 1985; Zanchin, 1988; Svartman and Almeida, 1992; Silva, 1994; Bonvicino et al., 1999) . Posteriorly, based on morphological, molecular phylogenetic and cytogenetic studies, new species were described, resulting in the ancient Oryzomys gr. subflavus. Nowadays, after being elevated to genus, eight species are recognized (Bonvicino and Moreira, 2001; Percequillo et al., 2008; Tavares et al., 2011; Bonvicino et al., 2014) . Nevertheless, Bonvicino et al. (2014) suggested that Cerradomys goytaca is a junior synonymous of C. subflavus, since this species is not reciprocally monophyletic based on cytochrome b.
Oligoryzomys is the richest oryzomyine genus in terms of species number (23 described species, although one of them is probably extinct). Besides, it is evident that the current taxonomy of this genus does not reflect its diversity since cytogenetic and molecular phylogeny revealed cryptic lineages (da Cruz and Weksler, 2017) .
Morphological homogeneity with overlapping of quantitative and qualitative characters hamper diagnose of species within both genera (Carleton and Musser, 1989; Bonvicino and Moreira, 2001; Weksler and Bonvicino, 2005; Percequillo et al., 2008) . In this sense, cytogenetic proved to be an important tool for species recognition.
Diploid numbers range from 2n=44 to 72 in Oligoryzomys, and from 2n=46 to 60 in Cerradomys (Maia and Hulak, 1981; Silva and Yonenaga-Yassuda, 1997; Agrellos et al., 2012; Bonvicino et al., 2014) . Besides, both genera proved to be models of chromosomal evolution, since several rearrangements were described. Chromosome painting in Oligoryzomys showed a huge genomic reshuffling in closely related species (Di-Nizo et al., 2015) . Regarding Cerradomys, classic cytogenetic showed several rearrangements, especially Robertsonian and pericentric inversions (Maia and Hulak, 1981; Almeida and Yonenaga-Yassuda, 1985) . In fact, chromosome change may have had an important role in reproductive isolation during the explosive radiation of Sigmodontinae rodents.
Molecular dating recovered recent divergence times for both genera, with
Cerradomys dated in the late Pliocene (Tavares et al., 2016;  Chapter 2) and
Oligoryzomys in early Pleistocene (da Cruz and Weksler, 2017) . These results corroborate the rapid radiation of both genera, accompanied by the great chromosome variability and ability of occupying diverse phytophysiognomies.
Objectives
The aim of this study is to investigate diversification and species limits in two genera of oryzomyine rodents: Cerradomys and Oligoryzomys. To achieve these goals, multiple approaches were performed: mitochondrial and nuclear markers were used for phylogenetic, species delimitation and phylogeographic analyses, and classic and molecular cytogenetic were performed to aid cytotaxonomy and to infer chromosomal evolution. The specific objectives is described in each chapter of this work as follows: Genera studied in present work are underlined.
Final discussion and conclusions
In this work, we performed cytogenetic and molecular data using loci that evolves at different rates, integrated to geographic distribution, previous morphologic and phylogenetic studies, based on an integrative taxonomy approach, in order to investigate species limits and patterns of diversification in Cerradomys and Oligoryzomys, two genera of the tribe Oryzomyini.
New sequences of mitochondrial and nuclear markers were generated, increasing representativeness for each one of the genera. Results evidenced that conventional cytogenetic is important for species recognition in both genera. Extensive genomic reshuffle was observed for both genera after chromosome painting studies (cytogenomics). Nevertheless, Cerradomys showed a tendency in reduction of diploid number, whereas chromosomal evolution has been associated with both decrease and increase in diploid numbers in Oligoryzomys.
Comparison of molecular phylogeny and chromosome painting revealed that the interstitial telomeric sites (ITS) observed for some Cerradomys species is associated to fusions events. However, as several rearrangements were detected in chromosomes that lack ITS, karyotype evolution in Cerradomys showed both retention and loss of interstitial telomeric sequences, while telomeric repeats may have been eliminated by chromosome breakage in all species of the genus Oligoryzomys studied so far. New distributional records are being described for both genera, reiterating that survey efforts are important for the knowledge of biodiversity.
Early divergence times were observed, with the majority of splits in Pleistocene,
showing the importance of Quaternary events in shaping diversity and corroborating the rapid adaptive radiation of Cerradomys and Oligoryzomys.
Complex patterns of differentiation were observed for these two genera. 
Abstract
In this work, the integrative taxonomy approach was performed to understand species limits and patterns of diversification in two genera of orizomyine rodents (Cerradomys and Oligoryzomys). Therefore, molecular markers with distinct evolutionary rates were used with different approaches (phylogeny, coalescent-based species delimitation, DNA barcoding, phylogeography, molecular dating). Classic and molecular cytogenetic analyzes were performed, contributing to cytotaxonomy and revealing chromosomal evolution. This work is divided into four chapters, including a brief introduction (Chapter 1). In Chapter 2, the integrative taxonomy approach was used to study the genus Cerradomys, based on cytogenetic and molecular data. The results revealed that cytogenetics is important in the recognition of all described species (cytotaxonomy).
Phylogenetic reconstruction showed that internal relationships are well supported, with the exception of C. subflavus and C. goytaca, which are not reciprocally monophyletic.
Following the integrative taxonomy, in which species limits are based on the congruence of methods, this work recognizes and reiterates the eight Cerradomys species described so far. We suggest a taxonomic revision in C. langguthi and C.
subflavus, since both may represent species-complex or in process of speciation. Times of divergence show that Cerradomys is a recent genus, with speciation events occurred mainly in the Pleistocene. In Chapter 3, classic and molecular cytogenetics (Fluorescence in situ hybridization -FISH with telomeric and Oligoryzomys moojeni probes) were used to study chromosomal evolution in Cerradomys, based on the molecular phylogeny obtained in Chapter 2. Chromosome painting revealed extensive chromosome reshuffling in Cerradomys. Species with the highest diploid numbers showed exclusively telomeric signals whereas interstitial telomeric signals (ITS) were observed in the species with the lowest diploid numbers. Comparisons of chromosome painting with molecular phylogeny data corroborate the hypothesis that ITS, in this case, are remnants of telomeres. Nevertheless, other chromosomal rearrangements were detected with absence of ITS, indicating that these sequences may have been lost in the process of chromosomal breakages, evidencing that there was both retention and loss of ITS along the karyotypic evolution of the genus. In addition, complex rearrangements were detected between the karyotypes of C. goytaca and C. subflavus, reiterating that these two species are distinct, since hybrids probably would not be viable due to meiotic problems. In Chapter 4, aiming to recover the evolutionary history and species limits of Oligoryzomys, molecular phylogeny studies were integrated into cytogenetic data. The genus was monophyletic, but the internal relations had low support. rupestris and Oligoryzomys aff. utiaritensis should be evaluated morphologically to confirm their identities. The results of this work corroborate the importance of interdisciplinary studies, since the rates of evolution differ according to each character.
